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Abstract: The particle shape influences the part properties in laser powder bed fusion, and powder
flowability and powder layer density (PLD) are considered the link between the powder and part
properties. Therefore, this study investigates the relationship between these properties and their
influence on final part density for six 1.4404 (316L) powders and eight AlSi10Mg powders. The
results show a correlation of the powder properties with a Pearson correlation coefficient (PCC)
of −0.89 for the PLD and the Hausner ratio, a PCC of −0.67 for the Hausner ratio and circularity,
and a PCC of 0.72 for circularity and PLD. Furthermore, the results show that beyond a threshold,
improvement of circularity, PLD, or Hausner ratio have no positive influence on the final part density.
While the water-atomized, least-spherical powder yielded parts with high porosity, no improvement
of part density was achieved by feedstock with higher circularities than gas-atomized powder.
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1. Introduction

Accepted: 26 February 2021

The quality of parts produced by laser powder bed fusion (LPBF) is strongly influenced
by feedstock material, which is the powder. The most important characteristics of powder
for LPBF are usually considered to be the size distribution in [1], particle shape in [1,2],
chemical composition in [3,4], flowability in [5], powder layer density (PLD) in [6,7], and
the amount of internal porosity in [1]. Despite the significance of the raw material, there
is a lack of quantified and broadly accepted powder requirements, which are unknown
or, according to Tan et al. [2], often undisclosed by the powder suppliers for competitive
reasons. Furthermore, there are no quantitative standards for LPBF powder published
to date, which necessitates the identification of relevant powder characteristics and to
quantify their influence on the LPBF process.
One powder characteristic that lacks quantified requirements is the particle shape.
There are several production techniques for metal powders, including water-atomization
(WA), gas-atomization (GA), plasma-atomization (PA), and centrifugal-atomization techniques as the plasma rotating electrode process (PREP), and mechanical milling [8]. The
particle shape, however, varies across the different production techniques [2]. Currently,
GA powders are preferred in LPBF [2]. It is, however, unclear to what extent the
powder particle shape affects processability and part quality in LPBF. Several studies
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have shown the negative impact of non-spherical WA powder on the process and part
quality [3,9,10]. It is, however, not clear, whether more spherical, e.g., PA and PREP
powders, further improve part quality.
Several studies investigated the influence of the particle shape on part quality. Most of
them were focused on a comparison of WA and GA powders. Riener et al. [11] compared
the processing of three GA powders and one plasma-atomized AlSi10Mg powder. They
concluded that, in general, higher part densities could be achieved by using more spherical
powders. Brika et al. [12] investigated two PA powders and one GA Ti-6Al-4V powder and
also found a positive influence of particle sphericity on the powder flowability and part
density. Engeli et al. [3] investigated seven GA powders and one WA IN738LC powder for
the LPBF process. They found higher porosity in the parts made of WA powder, which
they attribute to its more irregular morphology. They also observed an influence of the
Hausner ratio on part porosity of GA powders. Baitimerov et al. [13] processed three
gas atomized AlSi12 powders and concluded that non-spherical particles lead to a low
apparent density of the powder and thus porosity in the parts. Li et al. [9] processed
one GA and one WA 1.4404 (316L) powder and found higher porosity in parts made
from WA powder, which they attributed to its high oxygen content and low packing
density. Hoeges et al. [10] compared the density of parts made from a single WA powder
and a GA powder. They were able to process both powders to a density of more than
99%; however, the morphology, flowability, and chemical composition of the WA powder
posed a challenge during processing on a LPBF machine. Irrinki et al. [14] investigated
the processability of three WA powders and one GA 17-4-PH stainless steel powder and
found that the GA powder generally yielded parts with less porosity, but were able to
process the WA powder into parts with comparable densities and mechanical properties
at sufficiently high energy densities. Jeon et al. [15] processed four Fe-powders, of which
three were mixtures of spherical and non-spherical powders. They found an increase in
the part porosity of blended powders for increasing size misfit between the spherical and
non-spherical powders.
The literature indicates that spherical PA and PREP powders might, compared to less
spherical GA powders, further improve part quality, especially final part density, which
is, according to Hoeges et al. [10], one of the major quality metrics of LPBF. This paper
therefore investigates the influence of the particle shape on the process with a focus on
final part density. The PLD [5,9] and powder flowability [5,16] are often considered as
a link between the powder and final part properties and are therefore measured for all
powders in this experiment, as they allow inferring the densification mechanisms during
LPBF. In contrast to previous studies, mostly GA, or more spherical, powders were used in
this experiment. Thus, the results are more relevant for industrial practice, where mostly
spherical powders are used [2,17].
2. Materials and Methods
2.1. Powder Characterization
Six 1.4404 (316L) powders and eight AlSi10Mg powders were investigated. Their
particle size distribution (PSD) was measured three times by laser diffraction with a LS230
laser diffractometer (Beckman Coulter, Inc., Brea, CA, USA) and the average PSD was used.
The corresponding PSDs are displayed in Figure 1. The powder designation was chosen
to reflect the alloy (Fe = 1.4404 (316L); Al = AlSi10Mg), the production process was as
specified by the powder supplier (GA = gas-atomized; PREP = plasma rotating electrode
process; WA = water-atomized; PA = plasma-atomized), and the volume-weighted D50 of
a powder. The powders Fe-GA-38 and Fe-GA-47 as well as Fe-PREP-40 and Fe-PREP-47
were from the same powder batch and were separated into two powders by sieving. All
other powders were from different batches. All powders were unused, as reuse of powder
can change the powder properties, as discussed in [18]. A chemical influence can, however,
not be entirely excluded, as the oxygen in the powder depends on the powder surface [19],
which strongly depends on the PSD.
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Figure 1. Particle size distribution (PSD) of the investigated powders: top 1.4404 (316L), bottom AlSi10Mg.

The particle shape factors were measured using a Leica DM6 light microscope (Leica
Microsystems GmbH, Wetzlar, Germany). Images were taken by transmitted light microscopy and then processed in MATLAB (The MathWorks, Inc., Natick, MA, USA), where
all agglomerates were manually removed until 3000 particles per powder were identified.
The two commonly used shape factors, circularity and aspect ratio, were used in this study.
The circularity fcirc was calculated according to the equation used by Bouwman et al. [20]
as f circ = (4πA)/P2 , where A is the area and P the perimeter of the projected particle. The
aspect ratio f AR was calculated as the ratio of the minimum Feret diameter d f min to the
maximum Feret diameter d f max as f AR = d f min /d f max . The apparent density ρ a and tap
density ρt of each powder were measured three times according to ASTM B417-18 [21] and
ASTM B527-15 [22], respectively. The Hausner ratio, H, was then calculated as the ratio of
the tap and apparent density as H = ρt /ρ a .
2.2. Powder Layer Density Measurement
The PLD was measured by filling a cavity, as shown in Figure 2a, with a coating blade
shown in Figure 2b. The PLD was then calculated from the powder mass and the known
volume of the cavity. Two cavities were used, one with an average depth of 84.5 µm and the
other with an average depth of 141.4 µm. Both were made from hardened 1.2379 steel with
an outer cylinder diameter of 44.0 mm and a total height of 15.2 mm. The inner cavities
with a diameter of 40 mm were produced by electrical discharge machining, and their
depth was measured by a GelSight Benchtop system (GelSight, Inc., Waltham, MA, USA).
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Figure 2. An (a) empty cavity and (b) coating blade from stainless steel.

The coating of the cavity was performed on a test bench, which was propelled with a
toothed belt drive on the coater axis and a spindle screw drive on the z-axis. The cavity
was placed on the z-platform and leveled such that the tip of the coating blade just touched
the rim of the cavity along the entire movement on top of the cavity. The z-axis was then
raised by 50 µm to create pressure between the coating blade and the rim of the cavity.
This pressure ensured that no powder remained on the rim of the cavity after coating. The
position of the cavity in the coating direction was secured with two mechanical stops on
the z-platform.
The layer density of all powders was measured five times for each powder and cavity,
thus moving the coating blade to its starting position in front of the z-platform. The cavity
was then placed on the z-platform and the powder placement platform was placed around
the cavity, as shown in Figure 3b. A powder with a volume of 12 cm3 at apparent density
was positioned in front of the cavity on the powder placement platform. The coater was
then moved across the cavity at a speed of 100 mm/s. Eventually, the cavity was removed,
cleaned from the outside, and weighed on an AX205 Delta Range scale by Mettler Toledo.

Figure 3. (a) Twelve cm3 of powder placed in front of the cavity before the coating process, (b) powder in the cavity after
the coating process.

2.3. Powder Processing
All powders were processed on a Concept Laser M2 (Concept Laser GmbH, Lichtenfels,
Germany) using the parameters listed in Table 1. Five 10 × 10 × 10 mm3 cubes were built
per scan speed, resulting in 25 cubes per build cycle. These cubes were evenly distributed
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over the build plate to compensate for possible location-dependent differences in part
density. The parts were not placed on a regular build plate, but with a custom-made insert
to reduce the build chamber volume. This reduced the build platform to 95 mm in diameter.
A brush was used for coating, which was different from the blade used for measuring PLD.
This was done as the layer density measurement is only possible with a blade, whereas a
build cycle with a blade would cause collisions of the steel blade during the processing of
some powders. The density of final parts was measured using the Archimedes principle in
acetone according to the procedure described by Spierings et al. [23]. Density as a quality
metric was chosen as it is easy to measure and does directly influence the mechanical
properties, as has been discussed in [11,24].
Table 1. Parameters used for processing.
Parameter

Unit

Value

Laser power

(W)

Hatch

(µm)

Layer height
Scan speed
Shielding gas
Coating technology
Beam diameter (as measured)
Coating speed

(µm)
(mm/s)
(µm)
(mm/s)

Scanning strategy

-

180
1.4404 (316L): 75, AlSi10Mg:
100
30
1000, 1250, 1500, 1750, 2000
Nitrogen
Brush
105
100
90◦ alternating, parallel to the
sides of the cube, crosswise

3. Results and Discussion
3.1. Circularity and Aspect Ratio
Figure 4 shows the circularity and aspect ratio of all investigated powders. The highest
circularity was measured for the PREP powders, which had a circularity of up to 0.99,
whereas the lowest circularity was measured for the WA powder, which had a circularity
of 0.68. Most GA powders have a circularity of approximately 0.9. The aspect ratio was
lower than the circularity for all powders. The absolute values of the circularity and aspect
ratio were within the range of what has been reported in the literature for the respective
production processes [11,25–29]. Furthermore, the results showed a strong correlation
between powder circularity and aspect ratio with a Pearson correlation coefficient (PCC)
of r (12) = 0.91, p < 0.001. Thus, subsequently, only circularity will be discussed as all
dependencies are qualitatively interchangeable for circularity and aspect ratio.

Figure 4. The mean circularity and mean aspect ratio of all powders with standard deviation.
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3.2. Powder Layer Density, Tap Density, and Apparent Density
The PLD, tap density, and apparent density of all powders is displayed in Figure 5.
For all powders, the PLD in the 84.5 µm cavity was lower than in the 141.4 µm cavity, and
both PLDs were lower than the apparent density of the powders. This was due to the wall
effect, which is the reduction of packing density through vacant sites in a packed powder
in the presence of a wall, as discussed in [29,30]. For a solid material layer with a height of
30 µm, recent studies indicate that 141.1 µm is close to the realistic effective powder layer
thickness for the LPBF process; Wischeropp et al. [6] measured it to be between 130 and
165 µm. These results are supported by the recent findings of Mahmoodkhani et al. [7],
who measured the effective powder layer thickness to be greater than 100 µm in all of
their experiments. Therefore, the subsequent discussion is mostly based on the PLD of the
141.4 µm cavity, which is more representative of the reality.
The measured PLDs for the 141.1 µm cavity are comparable to values in the literature,
i.e., those of Wischeropp et al. [6], who measured the PLD to be between 44% and 53%
for three LPBF powders, and Chen et al. [31], who measured a PLD for a single layer of
316L powder to be approx. 45% for a coating speed of 100 mm/s. The water-atomized
powder Fe-WA-40, which was the least spherical, exhibited the lowest PLD, whereas the
PREP powders, which were the most spherical ones, exhibited the highest layer densities.
This trend will be discussed in more detail in the following sections.

Figure 5. The mean powder layer density (PLD) for both cavities, apparent density, and tap density
of all powders as a fraction of the full material density with standard deviation.

3.3. Hausner Ratio
The Hausner ratios of all powders are displayed in Figure 6, as calculated from the
tap and apparent density in Figure 5. The values range from 1.05 for Fe-PREP-40 to 1.24 for
Fe-WA-40. According to Sutton et al. [32], any powder with a Hausner ratio below 1.25
can be considered free-flowing, which is in accordance with the subjective perception of
the powder flow of all powders. All powders had sufficient flowability to be processed
on a LPBF machine, yet did not necessarily yield sufficient part quality, as it will be
subsequently shown. The Hausner ratios were within the range of what has been reported
in the literature for similar powders; i.e., approx. 1.17 for GA AlSi10Mg in [11], approx.
1.11 for PA AlSi10Mg in [11], a variety of Fe and Ni powders for LPBF with Hausner ratios
mostly between 1.1 and 1.2 in [5], water-atomized 316L powder with 1.27 in [28], and
others in [3,33].
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Figure 6. The mean Hausner ratio of all powders with standard deviation.

3.4. Relationship between PLD, Circularity, and Hausner Ratio
Figure 7 shows the relationship between PLD for both cavities, circularity, and Hausner
ratio. The PLD for the 141.4 µm-deep cavity is plotted against the PLD of the 84.5 µm-deep
cavity in Figure 7a. Besides the fact that the PLD was higher for the deeper cavity for every
single powder, there was a linear relation with a PCC of r (12) = 0.92, p < 0.001 between
the mean PLD for the 84.5 µm and 141.4 µm cavities. The PLD is plotted against the mean
circularity in Figure 7b and shows a linear dependency between the PLD and the powder
circularity with a PCC of r (12) = 0.72 p < 0.01. Furthermore, this trend seems dependent on
the material, as the layer density values for AlSi10Mg powders were lower than those for
1.4404 (316L) powders for the same circularity.
The Hausner ratio is plotted against the mean circularity in Figure 7c. The data show
a moderate linear correlation with a PCC of r (12) = −0.67, p < 0.01 for the combined 1.4404
(316L) and AlSi10Mg data. However, the dependence of Hausner ratios on circularity, just
like that of PLD on circularity, seems to be material-dependent, as the Hausner ratio for
AlSi10Mg powders was higher for the same circularity. The dependency of the Hausner
ratio on the particle shape has been shown in [34], where the Hausner ratio increases for
decreasing particle sphericity. There was also a linear relationship between the PLD for the
141.4 µm cavity and the Hausner ratio with a PCC of r (12) = –0.89, p < 0.001, as shown in
Figure 7c. This trend, in contrast to the Hausner ratio and PLD, fits the data for both 1.4404
(316L) and AlSi10Mg powders independent of the material.
In summary, the PLD in both cavities correlated strongly. The PLD and Hausner ratio
of a powder cannot be predicted only from its circularity, as they seem to be materialdependent. The Hausner ratio, however, is a good predictor for the PLD in LPBF and did
not show a material dependency for the two alloys in this experiment. As the Hausner ratio
depends on the friction between powder particles [35], caused by either particle shape,
oxides, or other factors, it seems that low friction between the powder particles caused a
higher PLD. This finding is also supported by the fact that the Al powders in Figure 7c
exhibited a higher Hausner ratio than the Fe powders for the same circularity, which in
turn caused the lower PLD of Al powders for the same circularity in Figure 7b.
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Figure 7. The correlation between: (a) mean PLD for the 141.4 µm and 84.5 µm cavity, (b) mean PLD for the 141.4 µm cavity
and mean circularity, (c) Hausner ratio and mean circularity, and (d) PLD for the 141.4 µm cavity and Hausner ratio.

3.5. Part Density
All powders were processed on an LPBF machine with parameters reported in
Section 2.3. The material density of parts made from every powder at five scan speeds is
displayed in Figure 8 for (a) 1.4404 (316L) and (b) AlSi10Mg. Some of the cubes from the
Fe-WA-40 powder showed delamination issues, as displayed in Figure 9. The density of
these cubes was omitted from the data as it is affected by the porosity due to delamination.
The part density decreases, as typical for LPBF [36,37], with increasing scan speed
for all powders. While the processing windows of Fe-GA-38, Fe-PREP-40, and Fe-GA41 in Figure 8a were similar, the other three 14404 (316L) powders exhibited a different
processing window. PREP-47 and Fe-GA-47 exhibited a similar processing window with
a high decrease in part densities for scan speeds higher than 1250 mm/s. This can be
explained by their coarser PSD, as Meiners [37] and Simchi [38,39] observed before and
showed that coarser powders lead to increased part porosity at high scan speeds. The
processing window of the water-atomized Fe-WA-40 differed from those of all other
powders. For all scan speeds, the part density of parts made from WA powder was almost
2 percentage points lower than of parts made from gas-atomized and PREP powders with
similar PSD. This high porosity in parts made from water-atomized powder in LPBF is
widely known [3,9,14]; however, Hoeges et al. [10] demonstrated the processing of wateratomized 316L with densities of more than 99% by using adapted processing parameters.
Most density curves for the AlSi10Mg powders in Figure 8b only differed slightly.
The exception is the processing window of AL-GA-48, which was approx. 1 percentage
point lower than the processing window of the other powders. One contributor to the
lower density is the coarser PSD, which has been shown to cause porosity in parts [37–39].
Surprisingly, the processing window of Al-GA-49 was similar to those of the finer powders.
This might be explained by its circularity, which is the highest among the Al powders. The
Al powder with the second-highest circularity, Al-GA-41, however, did not yield parts with
a higher density than Al powders with a similar PSD. Therefore, the positive influence of
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circularity on part density cannot be concluded for all powders. These findings will be
discussed in the next sections.

Figure 8. The dependency of the mean material density and its standard deviation on the scan speed of (a) 1.4404 (316L)
and (b) AlSi10Mg for all powders.

Figure 9. Delamination of the cubes built from the WA powder and a cube with delamination issues.

3.6. Dependence of the Part Density on the Particle Circularity
To identify causes for part porosity, the density data in Figure 8 is analyzed in more
detail in this section. Figure 10 shows the mean part porosity plotted against powder
circularity at scan speeds of 1000, 1500, and 2000 mm/s. All powders with D50 > 45 µm are
shown in non-solid symbols. This is done to set them apart from the other powders, as their
part porosity can be higher than the porosity of parts made from finer powders, as shown
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in [37–39]. The data show a difference in part densities between AlSi10Mg and 1.4404
(316L). At 1000 and 1500 mm/s, the porosity of the AlSi10Mg parts was approximately
1.5 percentage points higher for powders with D50 < 45 µm, the WA powder not considered.
This was due to the material dependency of the processing windows for LPBF.
Furthermore, the data show that, except for Fe-WA-40, there was no influence of
circularity on part density for both materials. Only the WA powder, which had the lowest
circularity of all powders, showed a lower part density compared to powders made from
the same alloy and with a similar PSD. The data for the four powders with a D50 > 45 µm
also indicated no relationship between the part density and powder circularity.
The high part porosity of parts made from water-atomized powder has been shown
before [3,9,12]. The finding for the other powders are in contrast to the results of Riener
et al. [11], who compared three GA powders and one PA AlSi10Mg powder and Brika
et al. [12], who compared one GA powders and two PA Ti-6Al-4V powders. Both found
that more spherical particles lead to higher part density. Other authors report similar
findings as in this experiment; i.e., little differences in part density for different particle
shapes; e.g., Seyda, Herzog, and Emmelmann [40] found little difference in part density for
three Ti-6Al-4V powders despite differences in particle morphology.

Figure 10. Mean part porosity plotted against the mean powder circularity for a scan speed of (a) 1000 mm/s, (b) 1500 mm/s,
and (c) 2000 mm/s. The y-axis of graph (c) differs from that of graphs (a,b).

3.7. Dependence of the Part Density on the Hausner Ratio
Figure 11 shows the mean part porosity plotted against the Hausner ratio at scan
speeds of 1000, 1500, and 2000 mm/s. The results once again show, except for Fe-Wa-40,
that there was no clear influence of the Hausner ratio on part density. Since the Hausner
ratio correlated with the particle circularity (compare Figure 7c) and the circularity of
any but the water-atomized powder did not predict the part density, the Hausner ratio
consequently also did not predict part porosity.
These findings are in contrast to the results of Engeli et al. [3], who found a relationship
between the Hausner ratio and part density in LPBF for eight IN738LC powders. Brika
et al. [12] also analyzed three powders, of which the one with the lowest Hausner ratio
yielded parts with the lowest density, and Riener et al. [11] found in a comparison of three
Ti-6Al-4V powders that the powder with the lowest Hausner ratio yielded parts with the
highest density.
Powder with a too low flowability is undoubtedly unsuited for LPBF [5,41]. It is
likely that the low flowability of the water-atomized Fe-WA-40 powder caused the low
part porosity and also the delamination shown in Figure 9. It might, however, be that a
decrease of the Hausner ratio of a powder beyond a certain threshold generated no further
improvement of processability. This was also concluded by Pleass and Jothi [41], whose
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findings indicate that once adequate flowability is achieved, the processing parameters
become much more relevant for part quality.

Figure 11. Mean part porosity against the Hausner ratio for a scan speed of (a) 1000 mm/s, (b) 1500 mm/s, and (c)
2000 mm/s. The y-axis of graph (c) differs from that of graphs (a,b).

3.8. Dependence of the Part Density on the Powder Layer Density
As the circularity and the Hausner ratio seemed to impact only the part density for WA
powder, the influence of PLD on part density is evaluated in this section as the relevance
of a high PLD for part quality is frequently stressed in literature [5,32,41,42]. Figure 12
shows the mean part porosity plotted against the PLD at scan speeds of 1000, 1500, and
2000 mm/s. The data show that, except for the Fe-Wa-40 powder and a material-dependent
difference between Al and Fe powders, there was no influence of the PLD on the part
density for either AlSi10Mg or 1.4404 (316L).

Figure 12. Mean part porosity against the PLD for the 141.4 µm cavity for a scan speed of (a) 1000 mm/s, (b) 1500 mm/s,
and (c) 2000 mm/s. The y-axis of graph (c) differs from that of graphs (a,b).

An explanation for the limited impact of the PLD on the part density is given by the
denudation of metal powder during LPBF, as has been described by Matthews et al. [43]
and Bidare et al. [44]. Matthews et al. [43] showed that the metal vapor flux of the melt
pool causes a shear gas flow, which entraps adjacent particles. The particles are then
rearranged before the laser passes again and interacts with them. Consequently, the laser
and melt pool do not interact with the powder bed as it has been deposited, but only with
the rearranged particles. Furthermore, the law of conservation of mass causes the mass of
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the deposited powder to be the same as the mass of a solidified layer for the steady state,
which is, as discussed in [45], reached after approximately seven layers. This makes the
process, in contrast to other powder bed-based processes, less sensitive for variation in the
PLD and powder layer homogeneity. Only when the flowability of a powder falls short
of a minimal threshold does the powder bed become too inhomogeneous so that defects
cannot be compensated for by the movement of particles in the shear gas flow, which then
causes porosity, as is the case for the water-atomized Fe-WA-40 powder.
4. Conclusions
The results show a correlation between the particle shape, powder flowability, and
PLD for the investigated powders. The more spherical the powders, the better their
flowability, measured by the Hausner ratio. The flowability also directly affected the layer
density, as better flowing powders generated layers with higher densities.
The WA powder, with a low circularity, exhibited an insufficient flowability, which
caused low PLD, delamination, and part porosity. More spherical powders, such as the
GA ones, showed better flowability and yielded parts with much lower porosity. Any
improvement of the particle circularity beyond 0.8 did, however, have no positive influence
on the part density. The more spherical, e.g., PREP, powders did exhibit better flowability,
which resulted in a higher PLD. The increase in PLD did, however, not positively influence
the part density. An explanation is given by the movement of powder particles in the
shear gas flow. The laser and melt pool do not interact with the powder layer as it is
deposited, but the particles are rearranged in the denudation zone of the previous, adjacent,
scan track. This makes the LPBF less sensitive to inhomogeneity of the powder layer and
particle circularity.
Future work should be done to measure the PLD in situ, as the results presented in this
study might deviate from the true PLD. Furthermore, the influence of powder characteristics on other part quality metrics, such as the surface quality and mechanical properties,
should be investigated in future experiments with a wider range of processing conditions.
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